We report the efficient coupling of a 50 Ω microwave circuit to a high impedance conductor.
In an electrical circuit, the output impedance of a source must be matched to the input impedance of the load in order to maximize power transfer [1] . In RF circuits, where 50 Ω matching is standard, it is difficult to detect small signals emitted from high output impedance sources. For quantum conductors, whose output impedance is typically on the order of the resistance quantum, R K = h/e 2 25.8 kΩ, matching is especially difficult.
Developing techniques to solve this mismatch is technologically important since high output impedance quantum circuits are promising as ultra sensitive detectors of charge, e.g.
Single Electron Transistors (SETs) [2] [3] [4] , or magnetic flux, e.g. Superconducting Quantum Interference Proximity Transistors (SquipTs) [5, 6] . In both cases, their high output impedance (∼ 100 kΩ) and a typical 100 pF stray capacitance to ground of the wiring limit the detection bandwidth from dc to a few kHz. An efficient technique used to overcome this limitation, originally developed to efficiently measure SETs [3] , consists in embedding the sensor in a RF resonant circuit, which allows matching its high output impedance to 50 Ω at a chosen frequency. Resonant RF circuits can be made using discrete lumped elements externally connected to the chip [3, 7] , or defined on-chip [8] with transmission lines terminated by an adequate impedance to ground, e.g. a stub-shunted geometry [9, 10] . On-chip impedance matching has the advantage of reducing the stray capacitance, allowing to reach detection bandwidths in the 10 MHz range [8] [9] [10] . Here we report on a technique which offers matching to high detection impedances (demonstrated up to 35 kΩ) at a tunable frequency in the few GHz range and with bandwidth above 100 MHz.
As shown in Fig.1(a) , we have developed λ/4 co-planar, resonators [11] whose inner conductor contains a high kinetic inductance metamaterial [12] , namely a series array of superconducting quantum interference devices (SQUIDs). This increases the characteristic impedance of the resonator [13, 14] and the resulting detection impedance. Using SQUIDs instead of plain Josephson junctions allows tuning in-situ the kinetic inductance by threading a magnetic flux in the SQUID loops. The resonator matches a highly resistive normal tunnel junction with a tunnel resistance R T = 230 kΩ to a 50 Ω measurement line. We characterize the resonator by detecting the well known shot-noise produced when a dc voltage bias is applied to the junction.
A Z 0 = 50Ω load terminating a section of length l of a transmission line with characteristic impedance Z 1 and phase velocity c is transformed into an impedance depending on the frequency ν [11] :
The impedance is real and equal to Z 2 1 /Z 0 at resonant frequencies ν n = (2n + 1)c/4l, with n integer, thus transforming the load impedance Z 0 into a higher impedance when Z 1 > Z 0 . For n = 0, l is equal to a quarter of a wavelength, hence the name of quarter wavelength transformer. Assuming Z 1 Z 0 , the real part of the impedance reads in the
. It is equivalent to a damped LC circuit with a resonant frequency can be considered as a classical quantity [17] , and iii) is much smaller than 1, which implies that the current going through the SQUID is much smaller than I C . To evaluate the lineic impedance Z of the inner conductor of our transmission line, one must take into account the capacitance C J of the tunnel junction, yielding
, with ν P the Josephson plasma frequency [18] 
, and a is the distance between neighbouring SQUIDs. Below ν P , the inner conductor thus presents an effective lineic inductance
The characteristic impedance of the SQUID transmission line is then given by
where C is the lineic capacitance to ground of the SQUID array, evaluated using standard electromagnetic simulations. Note that at frequencies much lower than ν P , L is independent of frequency, so that our device can be considered as a standard quarter wavelength impedance transformer, albeit with high lineic inductance. Finally, we would like to point that this technique cannot provide characteristic impedances Z 1 R Q , since quantum phase slips then drive the array into an insulating state [19] . The impedance across the tunnel junction Z(ν) is the parallel combination of C shunt and the 50 Ω load transformed by the quarter wavelength section. As seen from the junction, the main effect of this capacitance is thus to reduce the resonant frequency and the associated impedance (ν 0 6 GHz and Z Res 1 kΩ at zero flux).
A schematic diagram of the measuring set-up is shown in Fig. 1(b) . The device is cooled The feed this line is connected to a synthesizer with a level ∼ 1 dBm.
By setting the device resonance frequency below 4 GHz, the entire power incoming from the feed line is reflected by the device, which allows to calibrate the detection chain in the 4-7 GHz frequency range used in the experiments described below. One has to correct for the double passage through the bias Tee and the 10 cm coaxial cable connecting it to the sample, both independently calibrated. With this calibration in hand, we characterize the resonator with the on-chip radiation source provided by the electronic shot-noise of the tunnel junction. Indeed, at large dc bias voltage eV k B T, hν, a biased tunnel junction is a source of white current noise with a power spectral density S I = 2eV /R T . The power density delivered to the 50 Ω chain reads In order to analyze more quantitatively the impedance matching capability of our device and its comparison to the model, several curves obtained for distinct external magnetic fields are shown in Fig.3 and compared to the predictions. These data show a variation of the bandwidth in the 100 to 240 MHz range, and of the detection impedance in the 15 to 35 kΩ range, as predicted. The 15% agreement obtained for the impedance is compatible with our gain calibration uncertainty 1 − 2 dB.
Beyond an increased coupling to high output impedance sensors, the resonators developed here enrich the toolbox of quantum electrical engineering, in particular for circuit cavity quantum electrodynamics. Indeed, higher characteristic impedances would increase the coupling of double quantum dot qubits to the microwave cavity in which they are embedded [26, 27] , helping to reach the strong coupling regime. They could also be used to probe
Kondo physics with microwave photons [28, 29] .
Being based on well known technology, it is fairly simple to predict the response of our devices as long as their Josephson junctions remain in the linear regime, which implies that the current must be kept well below their critical current. Note that when approaching the Josephson plasma frequency (∼ 25 GHz for aluminum based junctions), this strongly reduces the corresponding maximum microwave power. Above the Josephson plasma frequency, the capacitance of the junctions shunts their kinetic inductance, and the basic mechanism of our tecnhique breaks down. This physical limit can however be easily pushed up by using higher gap material, e.g. niobium nitride for which plasma frequencies above a few 100 GHz have been demonstrated [30, 31] . Other schemes could also be implemented to bypass this limit, such as using thin films of highly disordered superconductors [32] which have a large kinetic inductance, or superconductor-normal metal-superconductor weak links [33] which furthermore have a negligible inter-electrode capacitance.
In conclusion, we have demonstrated impedance matching to 50 Ω of a high impedance component using a microwave resonator embedding a Josephson metamaterial that yields a large resonator impedance. The matching frequency is tunable in the 4 and 6 GHz range, with the bandwidth varying from ∼ 100 to 240 MHz. This impedance matching has been characterized using an on-chip white noise source. This method offers interesting perspectives for quantum electrical engineering at even larger frequency and impedance values. This quantity depends only on the dc bias, the detection impedance provided by the resonator, the output impedance of the tunnel junction and the gain of the detection chain. An additional RF line, heavily attenuated and connected to the circuit via a -20dB directional coupler, is used to calibrate the gain of the detection chain. For this calibration, the resonant frequency of the resonator is tuned out of the detection bandwidth so that the incoming radiation is fully reflected by the sample. 
